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SECTION  1 


INTRODUCTION 


A.  OBJECTIVE 

The  major  objective  of  the  research  effort  was  to  determine  the 
feasibility  of  soil  testing  in  a  spl it-Hopkinson  pressure  (SHPB)  and  evaluate 
the  data  to  determine  their  applicability  to  modification  of  existing  predictive 
techniques  for  pressure  waves  in  soils.  In  addition,  a  cursory  examination  of 
the  "total  reflection"  phenomenon  was  to  be  undertaken. 

B.  BACKGROUND 

1.  Pressure  Waves  in  Soils 

Pressure  waves  generated  by  underground  explosions  of  a  known  weight 
propagate  radially  from  the  explosive  source  and  generally  the  peak  pressure 
magnitude  P,  particle  velocity  v,  arrival  time  ta,  pulse  length  t.and  rise 
time  tr  are  measured  using  a  soil  gauge  stationed  at  some  distance  R.  If  the 
soil  gauge  is  positioned  so  that  the  measuring  face  is  normal  to  a  radial  line 
from  the  source  to  the  gauge,  and  the  gauge  is  free  to  move  with  the  soil 
particles,  then  the  pressure  pulse  is  called  a  free-field  pressure.  When  the 
gauge  is  rotated  so  that  the  measuring  face  is  parallel  to  a  radial  line  from 
the  source  to  the  gauge,  and  the  gauge  is  free  to  move  with  the  wave,  the 
pressure  pulse  is  called  a  side-on  pressure.  If  the  gauge  is  embedded  in  a 
rather  massive  or  rigid  structure  which  does  not  move  relative  to  the  particle 
motion,  then  the  pressure  is  called  a  reflected  pressure.  Usually,  the  term, 
reflected  pressure,  is  reserved  for  the  pressure  when  measured  normal  to  the 
wave  particle  motion;  however,  reflected  pressures  at  other  than  normal 
incidence  are  also  called  reflected  pressures  to  distinguish  them  from  the 
free-field  pressures  which  are  always  measured  normal  to  the  particle  motion. 

In  elementary  wave  mechanics,  the  pressures  or  stresses  associated 
with  pressure  wave  motion  are  given  names  relative  to  an  interface  between  two 
media.  If  a  pressure  wave  is  traveling  in  Medium  1  and  impinges  on  an 
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interface  separating  Med  1 um  1  and  Medium  2„  the  various  waves  are  denoted  as 
the  incident  wave,  the  reflected  wave,  and  the  transmitted  or  diffracted 
wave.  The  incident  wave  traveling  in  Medium  1,  is  comparable  to  the  free- 
field  wave  discussed  above.  When  the  incident  wave  impinges  on  the  interface, 
a  wave(s)  is  reflected  anc!  propagates  back  into  Medium  1  and  transmitted  or 
diffracted  waves  propagate  into  Medium  2.  The  transmitted  wave  is  then 
comparable  to  the  soil  reflected  wave  described  above.  Usually,  the  wave 
reflected  back  into  the  soil  from  a  rigid  structure  is  not  measured.  The 
mechanics  of  wave  motion  will  be  discussed  later,  but  a  soil-reflected 
pressure  measured  on  a  relatively  rigid  body  will  be  assumed  to  be  the  same  as 
the  transmitted  or  refracted  pressure  propagated  in  that  body. 


Pressures  measured  in  soil  show  very  large  scatter  in  the  data.  An 
example  of  such  scatter  is  given  in  Reference  1  in  terms  of  a  standard 
deviation  of  0.875  for  the  natural  log  (base  e)  of  pressure.  This  means  that 
the  scatter  or  standard  deviation  for  a  given  pressure  would  be  from  2.4  times 
that  pressure  at  the  upper  limit  to  0.42  times  that  pressure  for  a  lower  limit 
or  an  approximate  variation  in  pressure  of  approximately  ±  70  percent.  This 
scatter  is  given  for  pressures  ranging  from  approximately  10,000  psi  to  a  few 
psi.  Data  reported  by  the  National  Defense  Research  Committee  (NDRC) 
(Reference  2)  show  a  scatter  of  approximately  ±  25  percent  for  pressures 
ranging  from  500  -  5  psi.  Peak  particle  velocity  varies  approximately  ±50 
percent  for  a  combination  of  several  sets  of  data  given  in  Reference  3. 

Ground- induced  particle  velocities  from  a  nuclear  or  simulated  nuclear 
explosion,  as  given  in  Reference  4,  show  variation  as  much  as  2. 5-5.0  orders 
of  magnitude.  Various  particle  velocity  and  seismic  velocity  predictive 
equations  were  examined  in  Reference  5.  Comparisons  of  the  various 
predictions  show  that  variations  as  high  as  factors  of  10-50  may  exist  between 
one  equation  and  another.  It  is  with  the  large  scatter  and  variations  of 
these  parameters  in  mind  that  the  experimental  research,  associated  with  soil 
samples  in  a  splIt-Hopkinson  pressure  bar  (SHPB),  was  initiated. 


A  split-Hopkinson  pressure  bar  (SHPB) „  described  in  some  detail  in 
Appendix,  A  has  been  used  traditionally  to  examine  strain  rate  effects  on 
properties  of  solid  materials.  Referring  to  Figure  1,  a  short  impactor  or 
striker  bar  of  velocity  v  is  impacted  against  a  longer  incident  bar  which 
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results  in  a  stress  wave  propagating  in  opposite  directions  in  each  bar.  The 
length  of  the  striker  bar  determines  the  length  of  the  pressure  pulse  and  the 
impact  velocity  determines  the  peak  pressure  magnitude.  The  pressure  pulse 
impinges  on  a  specimen  sandwiched  between  the  incident  bar  and  the  transmitter 
bar.  At  the  specimen,  a  part  of  the  pulse  is  transmitted  into  the  transmitter 
bar  and  part  of  the  pulse  is  reflected  back  into  the  incident  bar.  The 
transmitted  pulse  is  proportional  to  the  stress  in  the  specimen  and  the  time 
integral  of  the  reflected  pulse  is  proportional  to  the  strain  in  the 
specimen.  Normally  the  pulse  strain  signatures  are  measured  at  equal 
distances  from  the  specimen  which  make  them  coincident  in  time,  and  may  be 
displayed  as  a  dynamic  stress-strain  curve.  If  the  dynamic  stress-strain 
curve  is  the  prime  objective  of  the  tests  described  above,  the  specimen  length 
must  be  short  enough  so  that  many  reflections  occur  within  the  specimen  while 
it  is  being  loaded  by  the  incident  pulse.  These  multiple  reflections  will 
insure  that  the  soecimen  is  under  a  uniform  stress  condition  over  the  length 
of  the  specimen. 

The  research  study  reported  here  used  a  variation  of  the  above 
decribed  SHPB  and  a  combination  of  specimen  length  and  striker  bar  length  to 
insure  that  only  a  single  pulse  may  be  recorded  during  the  pulse  traverse  of 
the  specimen.  In  this  case,  a  known  pulse  length  and  shape  could  be  used  to 
study  effects  of  changes  in  soil  particle  size,  moisture  content,  confining 
pressure,  and  density.  Furthermore,  the  diameter  of  the  bar  was  made  large 
enough  to  accommodate  a  typical  piezoelectric  pressure  gauge  for  comparison 
with  data  from  SHPB  measurements.  The  final  SHPB  design  described  later  could 
be  used  to  obtain  stress-strain  curves  of  soil  samples,  similar  to  those 
reported  in  Reference  6;  however,  this  was  not  the  objective  of  this  study. 
This  study  is  restricted  to  the  study  of  long  soil  specimens  with  short 
pressure  pulses  passing  through  them. 

2.  Congressional  Wave  at  Critical  Incidence 

A  short  discussion  of  elementary  wave  mechanics  is  given  in  Appendix 
B.  Stated  simply,  the  basic  physical  phenomena  are  that  when  either 
compressional  or  distortional  waves  traveling  in  Medium  1  impinges  on  an 
Interface  between  that  Medium  and  Medium  2,  generally  distortional  waves  and 


4 


compressions!  waves  are  both  reflected  into  Medium  1  and  refracted  into  Medium 
2.  The  relative  peak  magnitudes,  propagation  directions  and  energy  content  of 
the  reflected  and  refracted  waves  are  dependent  on  the  incident  angle  at  the 
interface  and  the  density  and  wave  speed  of  the  two  media.  When  either  wave 
speed  cf  Medium  1  is  less  than  the  corresponding  wave  speed  of  Medium  2,  a 
critical  incidence  angle  exists  for  thac  type  of  wave.  This  critical 
incidence  angle  is  evidenced  by  a  refracted  angle  of  90  degrees,  and,  since 
the  refracted  angle  cannot  physically  be  greater  than  90  degrees,  then 
complete  refraction  or  transmission  does  not  occur  and  the  phenomenon  is 
termed  "total  reflection."  The  use  of  this  phenomenon  is  in  the  study  of 
seismic  layering  and  is  described  in  many  texts  such  as  Reference  7. 

In  the  study  of  pressure  waves  traveling  in  soil  which  impinge  on 
buried  structures  or.e  discovers  that  the  ratio  of  wave  speeds  of  many  soils  to 
that  of  concrete  material  is  approximately  0.1  or  0.2.  This  means  that  the 
critical  incidence  angle  then  may  be  as  low  as  10  to  20  degrees  for  a 
soil/concrete  interface.  Then  for  a  very  close-in  underground  explosion 
against  a  concrete  wall  total  reflection  may  exist  for  the  major  portion  of 
the  wall.  The  major  concern  here  is  what  portion  of  the  energy  of  the 
pressure  wav.?  is  transmitted  to  the  refracting  medium.  This  required  closer 
examination  of  the  total  reflection  phenomenon  relative  to  compressional 
pressure  waves  impinging  on  nonnormal  interraces. 

C.  SCOf E/APPROACH 

The  research  effort  discussed  in  this  report  is  broken  into  two  parts, 
(1)  pressure  waves  in  soils  and,  (2)  compressional  waves  at  critical 
incidence,  Part  1,  pressure  waves  in  soils,  was  the  major  Dart  of  the 
research  ana  was  totally  experimental.  Part  2  comprised  only  about  15  percent 
of  the  total  research  effort  and  was  analytical  in  nature.  In  the  report  the 
two  parts  are  discussed  in  separate  sections  or  subsections. 
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SECTION  II 


SPLIT-HOPKINSON  PRESSURE  BAR  DESIGN 


A.  INTRODUCTION 

1.  General  Considerations 

As  mentioned  in  Section  I-A .2,  the  SHPB  would  be  designed  so  as  to 
accommodate  a  long  soil  sample  relative  to  a  striker  bar  length.  The  other 
main  consideration  is  that  the  bar  material  be  of  as  high  a  yield  strength  as 
possible  with  a  low  characteristic  Impedance  (product  of  material  wave  speed 
and  density).  Rod  materials  are  limited  which  are  readily  available  in 
lengths  required  to  accommodate  the  long  soil  sample  and  its  inherent  low  wave 
propagation  speed.  Proper  lengths  of  special  materials  which  might  prove 
useful  require  special  orders  and  long  lead  times  for  delivery.  The  basic 
materials  of  reasonable  availability  were  steel  and  aluminum.  The 
characteristic  impedance  of  aluminum  is  approximately  60  percent  of  that  >f 
steel.  However,  the  highest  compressive  strength  of  aluminum  material  is  only 
about  27  percent  of  that  of  available  high-strength  steel.  The  advantage  of 
using  steel  over  aluminum  is  also  present  in  bar  stiffness  and  hardness.  For 
these  and  the  other  reasons  discussed,  steel  was  selected  as  a  bar  material. 

The  final  decision  on  bar  stock  for  the  SPHB  design  was  determined 
by  availability.  The  proper  lengths  of  2-inch  diameter  stainless  steel  PH  13- 
8  Mo  rods  were  located  and  purchased  from  Advanced  Alloys,  Inc.,  128  Adams, 
Hauppauge,  N.Y.,  11787.  Heat  treatment,  straightening,  material 
certification,  and  shipping  cf  the  bars  were  handled  by  Advance  Alloys,  Inc. 
All  bars  for  the  Southwest  Research  Institute  (SwRI)  SHPB  system  were 
fabricated  from  the  PH  13-8  Mo  stainless  steel  rods. 

2.  Gas  Gun  Launcher 

Several  SHPB  systems  are  designed  using  a  large  cam  and  torsional 
bar  to  launch  the  striker  bar  against  the  incident  bar.  Probably,  the  safest 
and  most  reliable  is  a  simple  compressed  air  or  gas  gun  with  a  quick-acting 


6 


pressure  relief  piston.  The  design  chosen  here  is  based  on  a  gas  gun  system 
discussed  in  Reference  8  and  is  shown  schematically  in  Figure  2.  One 
disadvantage  is  that  the  projectile  must  be  ramie-loaded,  but  this  is 
accomplished  easily,  using  a  flexible  rod.  Venting  of  the  barrel  was 
incorporated  to  prevent  multiple  impacts  of  the  striker  bar. 

The  principles  of  operation  of  the  system  are: 

a.  The  striker  bar  is  positioned  in  the  barrel. 

b.  The  cylinder  containing  the  inner  piston  is  pressurized  to 
approximately  one-third  the  desired  operating  pressure.  This 
positions  the  inner  piston  against  the  front  face  of  the 
pressure  chamber  and  seals  the  pressure  chamber  agair.st  leakage 
into  the  barrel. 

c.  The  pressure  chamber  is  adjusted  to  the  desired  pressure. 

d.  The  pressure  in  the  inner  cylinder  is  dumped  by  the  pneumatic 
valve,  the  inner  piston  moves  rearward,  and  the  gas  pressure 
enters  the  barrel  and  exerts  against  the  end  of  striker  bar. 

The  gas  gun  system  was  designed  to  launch  long  striker  bars, 
therefore  requiring  reasonably  high  pressures,  and,  if  require^,  may  be  used 
as  a  stand-alone,  high-velocity,  gas  gun.  A  design  load  of  2000  psi  (13.8 
MPa)  and  a  material  yield  stress  of  30,000  psi  (205.9  MPa)  were  used  in  the 
design  of  the  outer  cylinder  and  flanges  of  the  SwRI  gas  gur.  launcher.  This 
design  meets  the  specifications  required  by  the  ASME  Boi'er  and  Pressure 
Vessel  Code  (Reference  9). 

An  estimate  of  velocity  and  incident  bar  stress  may  be  calculated 
using  a  rever sib’e  adiabatic  expansion  of  the  gas  in  the  pressure  chamber  into 
the  gun  barrel.  Th;s  '«t1mate  assumes  frictionless  sliding  of  the  striker  bar 
and  that  the  wc**k  dene  in  expan jing  the  gas  is  converted  to  kirstic  energy  of 
the  striker  bar.  Using  the  above  assumptions,  the  velocity  of  a  2-inch 
diameter  steel  striker  bar  driven  by  nitrogen  is  given  by 
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Figure  2.  Schematic  of  Gas  Gun  Launcher. 
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where  usfa  =  striker  bar  velocity,  in/sec, 

P  =  gauge  pressure  of  pressure  chamber,  psi, 
pc 

Lgb  =  length  of  striker  bar,  in, 

\?pc  =  volume  of  pressure  chamber,  in^, 

V.  =  effective  barrel  volume,  in  . 

D 

from  Appendix  A,  the  incident  stress  resulting  from  an  impact  of  a  steel 
striker  bar  against  a  steel  bar  of  same  diameter  is  given  as 


oT  =  72.2 


(2) 


where  =  peak  stress  In  incident  bar,  psi 

usb  =  striker  bar  velocity,  in/sec. 


A  combination  of  Equations  (1)  and  (2)  results  in  an  estimate  of  the  incident 
bar  stress  in  terms  of  volumes  and  pressures  of  the  gas  gun  system.  Metric 
equivalents  are  omitted  for  the  units  of  measure  because  the  numerical 
constant  of  each  equation  is  related  to  the  units  given  for  each  term.  A 
sketch  of  the  final  design  showing  the  basic  dimensions  is  given  in  Figures  3 
and  4. 

3.  Final  Design  of  SwRI  SHP8  System 

After  one  decides  the  SHPB  bar  material  and  diameter,  the  final  bar 
length  and  support  system  are  dictated  by  strain  gauge  placement  and  specimen 
location.  For  conventional  SHPB  operation,  the  length  of  the  incident  and 
transmitter  bars  must  be  approximately  10  inches  greater  than  twice  the  length 
of  the  striker  bar  to  avoid  problems  of  overlapping  of  the  incident  and 
reflected  strain  signals  in  the  incident  bar  and  transmitter  bar.  Elongation 
of  the  transmitted  pulse  in  soil  samples  is  caused  by  the  dispersive  nature  of 
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the  soil  material,  and,  for  the  SwRI  SHPB,  these  bars  were  made  relatively 
long.  The  final  dimensions  of  the  bars  are  given  in  Table  i.  A  sketch  of  the 
final  overall  design  is  given  in  Figure  5. 


TABLE  1.  MAJOR  8AR  DIMENSIONS  FOR  SWRI  SHPB  SYSTEM 


Bar 


Length 


Incident 

Transmitter 

Throw-off 

Striker  (three  lengths) 


12.0  ft,  (144.0  in),  (3.66  m) 
11.0  ft,  (132.0  in),  (3.35  m) 
5.0  ft,  (60  in),  (1.52  ra) 
4.0  in  (10.16  cm) 

8.0  in  (20.32  cm) 

16.0  in  (40.64  cm) 


All  bar  diameters  2.G  in  (5.08  cm),  PH  13-8  Mo  stainless 


B.  SOUTHWEST  RESEARCH  INSTITUTE  SPLIT-HOPKINSON  PRESSURE  BAR  (SwRI  SHPB) 

1.  Overall  SwRI  SHPB  System 

Based  on  the  material  availability  for  bar  material,  the  SwRI  SHPB 
final  design  placed  the  bar  lengths  of  Table  1  on  a  foundation  and  set  of 
supports  as  shown  In  Figure  5.  The  support  system  on  the  deep  I-beam  consists 
of  journal  bearings  spaced  about  3  feet  (0,92  dieters)  apart  with  the  center- 
line  of  the  bars  7.5  inches  (19,05  cm)  above  the  top  of  the  deep  I-beam.  This 
gives  a  bar  height  of  approximately  4  feet  from  the  floor. 
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Figure  5.  Schematic  of  2-  inch  Diameter 


2.  Soil  Specimen  Holder 


Ideally  the  soil  specimen  should  be  held  in  a  container  whose 
stiffness  would  prevent  only  lateral  motion.  This  results  in  a  plane  strain 
condition  when  axial  loads  are  applied.  For  the  soil  specimen  holder,  a  12- 
inch  (30.5  as)  long  steel  tube  of  2  inches  (5.08  cm)  ID  and  4  inches  (10.16 
cm)  00  was  chosen.  The  weight  of  the  steel  tube  is  a  disadvantage  in  specimen 
preparation,  but  does  satisfy  the  condition  of  plane  strain  during  the  test. 

Ho  internal  surface  preparation,  except  for  the  final  internal  machining,  was 
accomplished.  Friction  plays  a  part  in  the  results,  but  all  tests  were 
conducted  in  the  same  specimen  holder.  The  specimen  holder  was  positioned  in 
the  bar  shown  in  Figure  6. 

In  placing  the  soil  specimen  in  the  specimen  holder,  it  was 
necessary  to  contain  the  soil  at  both  ends  of  the  specimen,  as  shown  in  Figure 
6.  The  initial  containment  was  to  place  the  pressure  gauge  holder  in  one  end 
of  the  specimen  holder,  put  in  desired  amount  of  soil  and  then  slip  in  a 
slightly  oversize  steel  shim  at  the  other  end  of  the  specimen.  This 
configuration  is  shown  schematically  in  Figure  6.  Many  tests  were  conducted 
using  this  configuration;  however,  leakage  of  soil  during  dry  soil  test  and 
water  during  moist  soil  test  led  to  a  modification  as  shown  in  Figure  7. 

Here,  the  pressure  gauge  holder,  without  the  pressure  gauge,  was  used  as  a 
spacer  and  a  thin  steel  wafer  with  an  "0"  ring  was  placed  at  each  end  of  the 
soil  specimen.  This  proved  to  be  very  effective  in  preventing  leakage  from 
each  end  of  the  specimen.  Tests  were  performed  without  soil  specimens  and  no 
discernible  differences  were  observed  between  pressure-pulse  transmission  with 
and  without  the  wafers. 

3.  Pressure  Gauge  Holder 

If  a  pressure  gauge  or  transducer  is  placed  at  the  end  of  the  soil 
sample,  access  for  electrical  loads  must  be  available.  This  was  accomplished 
for  a  PCB*  quartz  pressure  transducer,  used  previously  in  work  reported  in 
Reference  I.  A  sketch  of  the  pressure  gauge  holder  is  shown  in  Figure  8. 


Figure  7.  Sketch  of  Specimen  Holder  with  Steel  Wafers  Installed. 


Figure  8.  Sketch  of  Pressure  Gauge  Holder. 


Tests  were  conducted  with  and  without  the  pressure  g*uge  holder  to 
determine  the  effects  of  the  discontinuities  in  the  holder  on  the  wave 
transmission.  No  discernible  differences  were  experienced  in  these  tests.. 

The  pressure  gauge  holder  was  positioned  in  the  specimen,  as  shown  in  Figures 
6  and  7,  with  the  face  of  the  pressure  qauge  approximately  2.5  inches  from  the 
end  of  the  specimen  holder. 

When  the  steel  wafers  were  used  in  the  final  series  of  tests,  the 
pressure  gauge  holder  was  simply  used  as  a  spacer.  Future  tests  using  the 
pressure  gauge  would  require  modification  of  the  gauge  plate  of  the  holder,  so 
that  an  "0"  ring  could  be  used. 

4.  Electronic  Data  Recording  System 

Strain  of  the  various  pressure  pluses  was  monitored  using  strain 
gauges  attached  to  the  incident  bar  and  at  two  places  on  the  transmitter 
bar.  The  pressure  at  the  end  of  the  soil  specimen  was  monitored  in  many  of 
the  tests  using  a  quartz  pressure  transducer.  A  schematic  of  the  electronic 
system  is  shown  in  Figure  9.  The  various  items  shown  in  Figure  9  are  listed 
in  Table  2. 
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Figure  9.  Schematic  of  Electronic  Data  Recording  System. 


TABLE  2.  LIST  OF  ELECTRONIC  EQUIPMENT 


Item 

Manufacturer 

Specifications 

Pressure  Transducer 

PCB 

Model  102AG4 

Max  Pressure  10,(X)0  p: 

Signal  Conditioner 

PCB 

Six  Cnannels 

Model  483M37 

Fixed  gains  of 

1,  10,  or  20 

Cour.ter/Timer 

HP 

Model  5315-A 

Two  Channels 

Oscilloscope  (Digital) 

Nichoiet 

Model  204-A 

Two  Channels 

Strain  Gauge 

Micro  Measurements 

EA-06-250TB-350-LE 

Bielement 

Strain  Gauge 

Measurements  Group  Inc. 

Tnree  Channels 

Conditioner 

Model  2311 
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SECTION  III 

EXPERIMENTS  AND  RESULTS 


A.  SHPB  Tests 

1.  Small -Diameter  SHPB  Tests 

Initial  SHP8  tests  were  conducted  in  a  0.5  inch  (1.27  cm)  diameter 
operational  SwRI  SHPB  normally  used  for  dynamic  stress-strain  data  of  metal 
specimens. 

Sever;. 1  different  materials  were  used  as  test  specimens.  These 
materials  are  listed  in  Table  3,  along  with  test  parameters,  while  results  of 
these  tests  are  given  in  Table  4. 

2.  Large -Diameter  SHPB  Tests. 

a.  Calibration 

As  described  earlier  in  Subsection  I.B.2,  a  2-inch  (5.08  cm) 
diameter  SHPB  was  designed  and  installed  in  a  laboratory  at  SwRI.  Checks  on 
the  expected  velocity  and  incident  pressure  were  made  using  three  different 
ways.  First,  based  on  Equations  (1)  and  (2),  a  predicted  velocity  for  the 
desired  incident  stress  was  determined.  A  second  check  was  obtained  from  a 
time  measured  by  the  velocity -measuring  device.  The  measured  time,  divided 
into  the  distance  between  light  sensors  of  the  velocity  device,  gave  the 
velocity  of  the  striker  bar.  Using  this  velocity,  an  approximate  incident 
pressure  was  calculated,  using  Equation  (2).  The  third  check  came  from  the 
output  of  a  strain  gauge  mounted  on  the  incident  bar.  Using  the  known  voltage 
output  of  the  strain  gauge,  the  given  gauge  factor,  and  the  modulus  of  the  bar 
material,  the  stress  level  was  calculated.  The  SHPB  was  operated  initially  at 
several  chamber  pressures  and  the  velocity  gauge  output  agreed  within  1 
percent  of  the  predicted  velocity  from  Equation  (1).  The  output  of  the 
incident  bar  strain  gauge,  shown  typically  in  Figure  10,  was  estimated  to 
agree  within  2  percent  of  the  stress  calculated,  using  a  combination  of 
Equations  (1)  and  (2). 


TA8LE  3.  DATA  FOR  SMALL-DIAMETER  SHPB  TESTS 


Test 


Specimen 


Spec  ■<  f  i  c 
Weight 


Projectile 


Projectile 

Velocity 


No. 

Mat*  1 

(in) 

(Ib/ff3) 

(in) 

1  in/ 

3* 

Sand 

1.928 

112.7 

4.0 

1057 

4 

Sand 

2.225 

1C  1.2 

4.0 

1092 

5 

Sand 

2.065 

103.4 

4.0 

1080 

6 

Sand 

2.225 

102.0 

4.0 

912 

7 

Sand 

2.025 

104.4 

4.0 

1057 

8 

Glass** 

2.098 

84.2 

4.0 

395 

9 

Clay 

2.922 

84.8 

4.0 

1073 

10 

Clay 

1.479 

104.6 

4.0 

399 

11 

Glass 

2.160 

89.8 

4.0 

1087 

12 

Glass 

2.123 

88.6 

4.0 

1080 

13 

Glass 

2.250 

88.0 

4.0 

1075 

14 

Glass 

2.255 

85.2 

4.0 

1057 

15 

Glass 

2.315 

91.4 

4.0 

1055 

16 

Glass 

2.185 

89.7 

4.0 

1068 

17 

Glass 

2.111 

95.6 

4.0 

1073 

18 

Glass 

2.161 

89.8 

4.0 

1080 

19 

Glass 

2.264 

90.0 

4,0 

1059 

20 

Clay 

2.195 

91.9 

4.0 

- 

21 

Clay 

2.213 

98.2 

4.0 

1055 

22 

Clay 

2.014 

81.9 

4.0 

1066 

23 

Clay 

2.296 

96.3 

4.0 

1075 

24 

Clay 

2.215 

90.2 

4.0 

1073 

*  Test  numbers  1  and  2  not  recorded. 

**  3  mm  diameter  glass  beads. 
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TABLE  4,  RESULTS  OF  SHAIL-DIAMETER  SHPB  TESTS 


Test 

Ho. 

Incident 
Stress,  a. 
tPSi) 

Transmitted 
Stress,  ou 
(psi)  T 

V°I 

Specimen  Wave 
Speed  c.  In. /sec 

3 

78090 

1970 

0.025 

13830 

4 

78090 

1180 

0.015 

19500 

5 

78090 

1054 

0.014 

20170 

6 

36480 

790 

0.012 

19500 

7 

77040 

1380 

0.018 

22360 

8 

29130 

345 

0.012 

24219 

9 

78090 

750 

0.010 

30920 

10 

29130 

1100 

0.038 

20970 

11 

78090 

1540 

0.020 

29090 

12 

78090 

1190 

0.015 

30060 

13 

77040 

1850 

0.024 

33780 

14 

77040 

1840 

0.024 

25650 

15 

77000 

541 

0.007 

32340 

16 

77670 

1830 

0.024 

33185 

17 

79360 

1015 

0.013 

28250 

18 

79020 

1559 

0.01G 

40090 

19 

77670 

605 

0.005 

34370 

20 

77670 

853 

0.011 

33620 

21 

77670 

1274 

0.016 

35300 

22 

77670 

268 

0-003 

29600 

23 

79700 

917 

0.012 

33290 

24 

79020 

414 

0.005 

33580 

■ 
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REFLECTED 
INCIDENT  — 
PULSE 


Gas  Gun  Chamber  Pressure  =  84  psi.  Striker 
Bar  Velocity  =  1026  in/sec.  Incident  stress 
o j  =  75110  psi.  Striker  Bar  length  =  3-0  in. 

Figure  10.  Typical  Output  of  SwRI  Spl i t-Hopkinson  Pressure 
Bar  Strain  Gauc-es. 
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PRESSURE  AND  TRANSMITTED 
PULSES  AS  A  RESULT  OF  TH 
SECOND  INCIDENT  PULSE 


A i  output  of  SwRI  Spl i t-Hopkinson  Pressure 
train  Gauges  (continued). 


.  SECOND  INCIDENT 

I  NCI  DENT  PRESSURE  i  PULSE 

:  :  35000  ps i  :  : 


FIGURE  10.  Typical  output  of  SwRI  Split-Hopkinson 
Bar  Strain  Sauces  (concluded). 


The  pulse  of  Figure  10  was  chosen  to  show  the  degree  of  noise 
experienced  in  output  at  some  impact  velocities.  The  noise  is  mechanical  and 
is  only  masked  by  electronic  filtering.  It  was  found  that  much  of  the  noise 
could  be  eliminated  by  applying  a  small  amount  of  silicon  grease  between  the 
striker  bar  end  the  incident  bar. 

The  oscillations  that  appear  near  the  peak  of  the  incident  pulse  in 
Figure  10  are  often  referred  to  as  Pochhammer-Chree  oscillations  and  are  a 
result  of  wave  dispersion.  A  Pochhaitmer-Chree  solution  of  the  cylindrical 
wave  equation  (References  10-11)  accounts  for  lateral  inertia  which  include 
higher-frequency  components,  and  these  higher-frequency  components  travel  at  a 
lower  wave  speed  than  the  lower-frequency  components.  The  higher  frequency 
components  then  lag  behind  the  main  body  of  the  pulse, causing  ripples  or 
osci llaticns  in  the  main  body  of  the  pulse  as  well  as  some  oscillations 
following  the  main  pulse.  A  good  discussion  of  this  and  corrections  are  found 
in  Reference  12. 

b.  Noise  to -Signal  Problems 

As  shown  in  Figure  10,  considerable  noise  is  evident  in  the  output 
of  the  strain  gauges.  This  noise  causes  a  definite  problem  when  one  tries  to 
determine  the  portion  of  the  pulse  transmitted  into  the  soil  specimen  from  the 
Incident  bar. 

Assuming  the  general  shape  of  elastic  pulses  are  unchanged  during 
the  reflection/refraction  process,  then  a  relation  between  impulse  of  the 
incident  reflected,  and  refracted  (transmitted)  pulse  may  be  written  as 


where  I  represents  impulse  and  the  subscripts  I,  R,  and  T  represent  incident, 
reflected,  and  transmitted,  respectively.  Since  the  pressure  level  for  the 
reflected  pulse  is  opposite  in  sign  of  the  incident  pulse,  then  the  left-hand 
side  of  Equation  (3)  represents  the  difference  of  Ij  and  1^.  For  the 
steel/soil  interface  a  reasonable  value  of  Iy  is  approximately  2  percent  of 
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If.  This  means  that  the  time  integral  of  the  incident  pulse  less  the  time 
Integral  of  the  reflected  pulse  of  Figure  10  is  approximately  0.02  If. 
Considering  the  noise  and  oscillations  in  each  pulse  plus  the  uncertainty  of 
where  each  pulse  starts  in  time,  then  the  expected  2  percent  could  be  in  doubt 
by  orders  of  magnitude.  In  an  effort  to  determine  the  pressure  level  in  the 
soil  specimen  just  downstream  of  the  incident-bar/soil  interface,  software  was 
written  to  calculate  the  impulse  and  average  pressure  for  the  incident  and 
reflected  pulses.  When  applied  to  many  of  the  recorded  pulses,  so  many 
variations  and  physically  improper  data  were  obtained,  that  the  results  were 
not  included  in  the  final  report.  The  inability  zo  gain  these  data  leads  to 
the  necessity  for  testing  at  higher-stress  levels  or  using  a  lower- 
characteristic  impedance  bar  material. 

c.  Dry  Soils  Tests 

The  procedure  for  testing  dry  soils  was  also  used  in  the  test  of 
moist  soil  specimens  such  that  a  uniform  specimen  preparation  procedure  was 
established  and  used  for  all  soil  specimens. 

In  the  specimen  preparation,  the  pressure  gauge  holder  was  placed  on 
a  table  top  with  pressure  gauge  end  up  (See  Figure  11).  A  spacer  designed  to 
keep  the  pressure  gauge  leads  outside  the  steel  sleeve  was  placed  around  the 
pressure  gauge  holder.  If  the  pressure  gauge  was  to  be  used  in  the 
experiment,  the  face  of  the  gauge  and  the  cap  (Figure  6)  were  left  uncovered 
and  the  soil  was  placed  on  top  of  the  cap  face.  If  the  wafer  was  to  be  used 
in  the  experiment,  the  pressure  gauge  was  removed  from  the  cap  and  the  wafer 
was  placed  on  top  of  the  cap  before  the  soil  was  placed  in  the  sleeve.  After 
placement  of  the  pressure  gauge  or  wafer,  a  portion  of  the  soil  was  placed  in 
the  sleeve.  If  the  specimen  was  built  up  in  two  layers,  then  half  the  soil  at 
a  time  was  placed  in  the  sleeve,  and,  if  specimen  was  built  up  in  four  layers, 
then  a  quarter  of  the  soil  was  used  for  each  layer.  The  compacting  rod  was 
used  and  compaction  to  a  designed  height  was  dene  on  each  layer.  Compaction 
was  accomplished  u.ing  a  solid  cylinder  weighing  approximately  3  pounds. 

In  all  soil  tests,  whether  dry  or  moist,  a  dry  specific  weight  of 
100.0  Ibs/ft-*  (1.6  g/cc)  was  used.  For  a  4-inch  (10.16  cm)  long  specimen,  a 


dry  soil  weight  of  0.73  pounds  (330  grams)  was  compacted  to  the  proper  length. 
This  means  that,  for  the  moist  specimens,  the  density  increased  as  moisture 
content  increased. 

After  all  the  soil  was  compacted  to  the  proper  height,  the  steel 
shim,  or  wafer,  was  placed  on  top  of  the  specimen  and  tamped  in  place  to 
assure  proper  location.  This  placement  could  be  a  source  of  error  if  all  the 
air  is  not  removed  from  the  top  of  the  specimen. 

If  the  pressure  gauge  was  in  use,  the  pressure  gauge  holder  was  held 
in  place  while  the  specimen  holder  was  placed  in  the  SHPB  position.  If  the 
pressure  gauge  was  not  in  use,  the  wafer  was  held  in  place  by  friction  of  the 
"0"  ring  against  the  steel  sleeve. 

After  the  specimen  holder  containing  the  specimen  and  pressure  gauge 
holder  was  placed  in  the  SHPB,  bars  were  pushed  by  hand  into  the  front  end  of 
the  specimen  holder  and  against  the  back  end  of  the  specimen  holder  as  shown 
ir,  Figures  6  and  7.  Alignment  was  adjusted  as  best  as  could  be  by  eye,  and  a 
plastic  aligning  collar  was  placed  at  the  interface  of  the  pressure  gauge 
holder  and  the  transmitter  bar.  When  an  axial  load  for  confining  pressure  was 
used,  a  hydraulic  jack  was  placed  in  series  with  and  at  the  end  of  the  throw- 
off  bar.  For  the  axial  load  tests  the  incident  bar  was  held  fixed  by  a  rubber 
collar  and  hose  clamps  at  the  journal  bearing  just  downstream  of  the  striker- 
bar/  incident-bar  interface. 

Striker  bar  lengths  of  4  inches  (10.16  cm)  and  8  inches  (20.32  cm) 
were  used  in  the  preliminary  tests,  and  a  decision  was  made  to  use  the  8 
inches  (20.32  cm)  length  for  all  tests.  Varying  the  specimen  length  then 
gives  a  change  in  the  ratio  of  striker  bar  length  to  specimen  length. 

Specimen  lengths  of  2  inches  (5.08),  4  inches  (10.16),  and  6  inches  (15.24) 
inch  (cm)  were  used  for  tests  of  both  dry  sand,  and  only  4  inches  (10.16  cm) 
long  specimen  were  used  in  tests  for  moist  sand.  In  addition,  some  tests  of 
0.5  inches  (1.27  cm)  and  1  inch  (2.54  cm)  length  dry  sand  specimens  were 
conducted. 


Two  different  dry  sand  particle  sizes  were  tested  using  the  thin 
shim  in  front  of  the  specimen  and  the  pressure  gauge  holder  to  the  rear  of  the 
specimen  (See  Figure  6).  Both  sand  specimens  were  of  fused  silica  with  50/80 
and  20/40  size  designation.  The  50/80  sand  is  a  medium  to  fine  sand  with  50 
percent  of  the  grain  size  between  0.2  and  0.3  rmn.  The  20/40  sand  is  a  coarse 
to  medium  sand  with  50  percent  of  the  grain  size  between  0.4  and  0.8  mm.  The 
ratios  of  transmitted  peak  stress  to  incident  stress  are  shown  in  Figure  12. 
Ratios  of  peak  pressure  to  incident  stress  for  these  tests  are  shown  in  Figure 
13.  For  these  tests  only  two-layer  compaction  was  used  in  specimen 
preparation. 

In  addition  to  the  two  sizes  of  sand  particles*  a  silica  flour, 
designated  240,  was  tested.  The  material  designation  means  that  the  particle 
size  is  smaller  than  0,06  mm  and  it  is  essentially  a  powder.  Because  this 
material  was  very  difficult  to  confine,  limited  tests  were  conducted.  Results 
of  the  test  on  the  silica  flour  are  also  shown  in  Figures  12  and  13. 

For  the  50/80  dry  sand  wave  speed  was  determined  experimentally  and 
is  shown  along  with  the  transmitted  stress  ratio  in  Figure  14.  In  addition, 
the  50/80  dry  sand  was  tested  with  a  confining  axial  load  applied  In  series  of 
the  bar.  Stress  levels  of  the  static  axial  compression  were  measured  using 
the  strain  gauges  on  the  transmitter  bar.  Axial  static  compressive  stress  up 
to  approximately  300  psi  (2.4  MPa)  were  used  and  results  of  those  tests  are 
shown  in  Figure  15, 

d.  Moist  Soil  Tests 

Dry  soil  of  the  same  50/80  stock  was  mixed  with  tap  water  to  produce 
specimens  of  varying  moisture  content.  The  void  content  and  moisture  content 
are  related  by 


Figure  12.  Transmi tted  Stress  Ratio  Vs  Specimen  Length  for  Dry  Sand 
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Figure  13.  Pressure  Ratio  Versus  Specimen  Length  for  Dry  Sand 
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Figure  14.  Transmitted  Stress  Ratio  and  Have  Speed 
Versus  Specimen  Length. 
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Figure  15  Effect  of  Static  Axial  Compression  on  Wave  Speed  and 
Transmitted  Stress  Ratio. 
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S  =  specimen  density 
Sm  =  solid  material  density  =  2.65  g/cc 
w  =  moisture  content 
e  =  void  content 


For  all  tests  the  dry  density  was  maintained  constant  at  1.6 
density.  Equation  (4),  and  w  =  0.0,  the  void  content  for  the 
calculated  to  be  0.66.  For  complete  saturation  the  moisture 
by 


g/cc.  Using  this 
dry  50/80  sand  is 
content  is  given 


w  -  e/Sm  (5) 

and  for  e  =  0.66  and  Sm  *  2.65  g/cc  the  saturation  moisture  content  Is  0.25. 

Tests  were  performed  at  varying  moisture  contents  in  a  specimen 
configuration  using  the  shim  as  'ftown  in  Figure  6.  The  shim  was  not 
satisfactory  for  containing  moisture  and  additional  tests  were  conducted  using 
steel  wafers  in  the  specimen  configuration  of  Figure  7.  As  indicated  before 
the  dry  density  of  the  specimen  was  maintained  constant;  therefore,  for  a 
moist  specimen,  a  known  amount  of  soil  plus  water  was  forced  into  the  dry 
density  volumes.  For  these  tests  the  density  and  specific  volume  of  water  was 
assumed  to  be  unity.  As  might  be  expected,  compaction  of  the  moist  specimens 
required  more  energy  than  the  dry  specimens  except  for  those  specimen  at  or 
near  complete  saturation.  For  the  completely  saturated  specimen  just  the 
slightest  compaction  caused  the  soil  particles  to  settle  to  the  bottom  and 
water  to  appear  at  the  top  of  the  specimen. 

The  results  of  the  moist  specimen  tests  using  the  specimen 
configuration  of  Figures  6  and  7  and  a  two-layer  compaction  are  shown  in 
Figure  16.  Moisture  content  was  determined  from  small  amounts  of  soil 
specimen  material  taken  at  the  beginning  of  each  test.  Each  sample  was  dried 
overm  ght. 
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Moisture  Content,  Percent 


Figure  16.  Effect  of  Moisture  Content  on  Have  Sneed 
and  Transmitted  Stress  Ratio. 
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e.  Glass  Bead  and  Steel  Ball  Tests 

B8  size  steel  balls  and  3.0  mm  glass  beads  were  also  tested  in  the 
same  manner  as  described  above.  In  each  case  the  beads  or  balls  were  poured 
into  the  specimen  holder  to  a  proper  length  and  a  shim  was  placed  at  the 
top.  Only  a  few  tests  of  each  were  performed  and  results  will  be  discussed  In 
Section  IV. 

B.  STATIC  SOIL  STRESS-STRAIN  CURVES 

1.  Introduction 

During  the  moist  specimen  tests  a  question  arose  as  to  what  effect 
the  moisture  content  has  on  wave  speed  and  transmissibi 1 ity  near  the  region  of 
complete  saturation.  Both  transmissibi 1 ity  and  wave  speed  were  expected  to 
increase  with  increase  in  moisture  content,  most  especially  near  saturation. 
The  wave  speed  in  water  is  approximately  5000  ft/sec  ( 1524  m/sec)  and  for  the 
dry  soil  specimens  it  is  approximately  1200  ft/sec  (366  m/sec).  Comparing 
these  two  values,  where  does  the  increase  in  dry-to-moist  specimen  wave  speed 
begin,  or  is  it  a  rather  abrupt  jump  very  near  saturation?  There  is  no 
indication  from  Figure  16  that  an  increase  in  wave  speed  is  occurring  and  the 
question  arose  as  to  whether  compaction  during  specimen  preparation  could 
affect  the  transmitted  stress  ratio  of  both  dry  and  moist  specimens.  With 
these  thoughts  in  mind,  a  series  of  static  stress-strain  curves  at  different 
compactions  was  obtained.  The  specimen  holder  used  in  the  SHPB  tests  was  also 
used  in  the  static  tests. 

2.  Effects  of  Compaction 

A  set  of  three  stress-strain  curves  for  two-layer  compaction 
specimens  of  50/80  dry  sand  were  obtained  from  a  screw  machine  material 
tester.  These  curves  were  not  reproducible  at  all  and  were  widely 
scattered.  A  set  of  three  stress-strain  curves  was  obtained  for  four-layer 
compaction  specimens  of  50/80  dry  sand.  These  three  curves  showed  very  good 
reproducibility,  and,  as  a  consequence,  all  other  tests  were  done,  using  four- 


layer  compaction.  The  static  stress-strain  curves  were  carried  up  to  1500  psi 
(10.3  MPa)  and  approximately  4  percent  engineering  strain. 

3.  Soil  Tests 

Tests  on  dry  and  moist  50/80  sand  were  carried  out  in  a  material 
tester  using  the  same  steel  sleeve  and  specimen  preparation  used  in  the  SHPB 
tests.  All  tests  were  conducted  using  a  four;layer  compaction  procedure  and 
tested  without  a  steel  wafer  between  the  2.0  inch  (5.08  cm)  diameter  loading  bar 
and  the  soil.  An  initial  test  was  performed  to  determine  the  force  or  stress 
required  to  move  the  wafer  with  "0"  rings.  Based  on  the  specimen  cross 
section  area  this  stress  is  approximately  8.0  psi  (55.2  KPa).  Results  of  dry 
and  moist  sand  static  tests  are  shown  in  Figure  17. 

A  sieve  analysis  of  the  50/80  sand  was  accomplished  and  the  results 
are  shown  in  Figure  18.  The  density  of  the  solid  sand  particles  was 
exper inrental ly  determined  to  be  2,65  g/ce. 
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Figure  18.  Sieve  Analysis  of  50/80  Silica  Sand. 
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SECTION  IV 

DISCUSSION  OF  SOU  TEST  RESULTS 


A.  SHPB  Tests 

1.  Attenuation  From  Material  Damping 

If  one  treats  the  interaction  of  the  steel  and  soil  as  an  elastic 
response,  then  equations  given  in  Appendix  A  apply.  The  peak  stress  level  in 

I 

the  soil  a  j  just  downstream  of  the  incident-bar/soil  interface  for  an  elastic 
system  is  related  to  the  peak  incident  stress  Oj  by  the  expression 


°I  s  °I 


2(oc), 


{ oc ) g  ♦  (pc)_ 


;  kbs  °I 


(4) 


where  KgS  is  the  transmission  coefficient  fro®  bjr  B  to  soil  S,  (pc)  Is  the 
characteristic  impedance,  and  tne  subscripts  S  and  8  denote  soil  and  bar, 
respectively.  The  defined  stresses  or,  Oj,  Oj  ar.d  oT  are  shown  in  Figure 
19.  Assuming  an  exponential  decay  for  material  damping  (Reference  7,  p.  246), 

"  I 

the  stress  may  be  written  in  terms  of  the  stress  as 


Oj  =  Oj  exp  (-oiL) 


(5) 


where  a  is  a  damping  coefficient,  ai  is  the  distance  between  the  positions  of 
the  two  stresses,  and  geometrical  damping  is  neglected.  Using  the  same 
general  relation  similar  to  Equation  (4),  the  vheoretical  elastic  relation 
between  0.  and  may  be  written  as 
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(6) 
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where  oT  is  the  stress  in  the  transmitter  bar  and  K^g  is  the  transmission 
coefficient  from  soil  S  to  bar  B.  Combining  the  Equations  (4),  (5), and  (6), 
the  relationship  between  the  peak  incident  stress  and  the  transmitted 
stress  Op  may  be  written  as 


^  '  ksb  kbs  exp  (-“lU 


(') 


Based  on  experimental  values  of  wave  speeds  shown  in  Figure  14,  the  average 
wave  speed  is  approximately  1200  ft/sec  (365.9  m/sec)  for  a  specific  weight  of 
100  lb/ft  (density  of  1.6  g/cc).  Using  these  values  and  the  corresponding 
values  of  16,700  ft/sec  (5080  m/sec)  and  490  lb/ft^  (7.84  g/cc)  for  the  steel 
bar,  the  product  ^SB^BS  0*043*  Using  this  product  as  a  constant,  the 
expression  for  the  damping  coefficient  becomes 


a 


-1.0 

AL 


In  (17.5  — ) 
°I 


(8) 


where  AL  is  the  length  of  the  specimen  i  feet  associated  with  the  ratio 
o.p/'jj.  A  range  of  values  for  each  sp  imen  length  is  shown  in  Table  5, 
along  with  values  taken  from  references  as  ndicated. 

The  negative  number  shown  for  the  2-inch  specimen  of  the  SHPB  test 
indicates  that  the  downstream  stress  is  higher  than  the  upstream  stress  at  the 
incident-bar/soil  interface.  Two  things  may  explain  this,  i.e.,  the  wave 
speed  in  the  specimen  increases  with  increasing  stress  and  decreasing  specimen 
length  and  the  short  specimen  length  is  beginning  to  act  as  a  normal  SHPB 
specimen  where  wave  reflections  within  the  specimen  become  important.  For  a 
25  percent  increase  in  wave  speed  of  the  2-inch  length  specimen  in  the  SHPB  of 
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TABLE  5. 

<*> 

DAMPING  COEFFICIENTS  FOR  DRY 

Damping  Coefficient,  1/FT 

SAND 

AL  (in) 

SHPB 

50/80  SAND 

Reference  13 

OTTAWA  SAND 

Reference  14 

OTTAWA  SAND 

2 

(-.31)  -  4.95 

0.57-1.73 

* 

4 

3.14-6.29 

0.60-1.53 

k 

6 

4.06-5.89 

0.63-1.39 

* 

10 

k 

0.51-1.26 

2.78-3.47 

*  NO  DATA 

Table  5,  the  a  range  becomes  1.0-6. 2.  Damping  coefficients  of  Reference  14 
are  given  in  terms  of  the  logarithmic  decrement  6.  The  damping  coefficient 
may  be  expressed  in  terms  of  the  logarithmic  decrement  by  the  expression 


where  f  Is  pulse  frequency,  T  is  period  of  the  pulse,  and  v  is  wave  speed. 

For  a  in  units  of  1/ft  then  v  must  be  in  ft/sec  and  T  in  seconds.  In  Equation 
(9)  the  ratio  f/v  is  actually  the  pulse  length  iri  feet.  In  comparing  the  data 
from  SPHB  and  Reference  14 ;  the  data  of  Reference  14  were  extended  over  a 
range  of  several  orders  of  magnitude  and  way  not  be  applicable.  The  data  of 
Reference  14  were  obtained  by  a  resonant  column  experiment  at  confining 
pressures  up  to  50  psi  (.34MPa). 

The  data  in  Reference  13  were  taken  in  a  5.0  foot  (1.52  m)  long,  28 
in  (7.1  cm)  diameter  horizontal  tube  filled  with  Ottawa  sand.  The  loading  was 
applied  by  an  air  shock  through  a  thin  membrane.  Peak  pressures  up  to  300  psi 
(2.07  MPa)  were  recorded  by  soil  stress  gauges.  Stress  attenuation  was 
displayed  by  a  curve  of  normalized  stress  versus  distance  along  the  tube  of 
soil . 


2.  Effects  of  Moisture  Content 


Results  of  Reference  14  show  a  definite  increase  in  damping  at 
saturation.  The  effects  of  moisture  content  for  the  SHPB  test  shown  in  Figure 
20  show  a  decrease  in  damping  with  increasing  moisture  content,  but,  at  or 
near  saturation,  a  definite  increase  in  damping  is  evidenced  by  the  decrease 
in  transmitted  stress  ratio.  A  slight  increase  in  wave  speed  with  moisture 
content  is  evident  up  to  about  50  percent  saturation  (12-15  percent  moisture) 
and  then  a  decrease  in  wave  speed  down  below  that  of  dry  sand  is  evident  at 
saturation  (  25  percent).  This  observation  agrees  with  compressive  wave  speed 
results  of  both  saturated  Ottawa  and  quartz  sand,  tested  in  Reference  15.  The 
same  trends  are  also  observed  for  Edgar  Plastic  Kaolin  (EPK)  clay  of  Reference 
13. 


The  effects  of  moisture  content  on  wave  speed  in  the  SHPB  tests, 
transmitted  stress  ratio  in  SHPB,  and  on  the  stiffness  or  slope  of  stress- 
strain  curve  in  the  static  tests  are  assumed  to  be  of  the  same  origin.  Small 
amounts  of  air  or  gas  at  or  near  saturation  would  seem  to  have  the  same  effect 
on  all  these  three  items.  For  a  given  soil  void  content,  a  small  amount  of 
water  stiffens  the  soil  and  increases  the  slope  of  the  static  stress-strain 
curve,  increases  the  transmitted  stress  ratio,  and  tends  to  increase  wave 
speed;  however,  the  wave  speed  is  offset  by  the  increased  density  of  the 
specimen.  In  the  moist  specimens  of  the  SHPB  tests,  a  constant  dry  density 
was  maintained  by  proper  compaction.  With  increasing  moisture  content  for  a 
given  dry  density  and  void  ratio,  stiffness  caused  by  compaction  of  the 
specimen  increased  up  to  an  optimum  moisture  content,  after  which  this 
stiffness  decreased  with  increasing  moisture  content.  This  phenomenon  is 
discussed  in  detail  in  texts  on  soil  mechanics  such  as  Reference  16. 

With  increasing  moisture  content  up  near  saturation,  the  amount  of 
the  void  space  filled  with  air  or  gas  i.e.,  gas  content  has  a  very  strong 
influence  on  stiffness  and  wave  speed.  For  instance,  the  effect  of  small 
amounts  cf  gas  on  wave  speed  at  saturation  is  such  that  the  wave  speed  may  be 
almost  halved  for  1  percent  gas  content.  Gas  content  here  means  a  fraction  of 
pore  space  of  the  dry  specimen.  For  a  porosity  of  50  percent,  a  gas  content 
would  mean  0.5  percent  gas  in  the  total  specimen  volume.  This  1  percent  gas 
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Fioure  20.  Effects  of  Moisture  Content  on  Wave  Speed  and 
Transmitted  Stress  Ratio. 
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content  would  reduce  the  bulk  modulus  of  the  "almost  saturated"  soil  specimen 
by  approximately  four.  An  excellent  discussion  of  effects  of  gas  content  in 
soils  is  given  in  Reference  17. 

The  effect  of  the  gas  content  in  the  soil-water  mixture  is  probably 
the  reason  that  a  large  increase  in  wave  speed  up  to  that  of  water-soil 
mixture  near  saturation  is  not  found  in  the  SHPB  tests.  During  the  SHPB  test, 
no  effort  was  made  to  reduce  the  gas  content  trapped  in  the  pores  of  the 
mixture.  However,  it  is  important  to  point  out  that  a  small  gas  content  will 
be  found  in  regular  soil.  Nature  does  not  necessarily  have  a  vacuum 
pump  to  reduce  this  residual  of  gas  in  the  pores  of  soil.  However,  one  must 
temper  such  sweeping  statements  with  the  fact  that  considerable  friction 
was  present  at  the  walls  of  the  specimen  holder  in  the  SHPB  tests,  and  this  may 
influence  all  the  data  given  in  this  report.  As  mentioned  before,  no 
procedures  were  followed  to  reduce  or  eliminate  the  wall  friction  in  the  SHPB 
tests. 


3.  Water  Specimen 

As  a  check  on  the  SHPB  system,  the  specimen  holder  was  filled  with 
tap  water  and  an  incident  stress  was  applied  to  a  100  percent  water 
specimen.  The  transmitted  stress  and  wave  speed  were  determined 
experimentally.  Using  the  measured  wave  speed  of  4780  ft/sec  (1457  m/sec)  and 
water  density  of  1.0  g/cc,  the  transmission  ratio  oT/oT  =  0.136  was  calculated 
using  Equation  (7),  assuming  a  2  0.0.  The  experimentally  determined  value 
of  Oj/oj  was  0.144.  The  reported  value  of  wave  speed  is  given  in  Reference  7 
as  4C0Q  ft/$ec.  This  test  was  considered  to  be  a  rather  rigorous  test  on  the 
transmissibility  capability  of  the  SwRI  SHPB  system. 

4.  Soil  Particle  Size  Effects 

The  effects  of  particle  size  are  evident  in  Figures  12  and  13.  In 
Figure  12  the  transmitted  ratio  of  the  smaller  grain  size  50/80  sand  varies 
from  1.25  to  2.25  times  the  transmitted  ratio  of  the  larger  grain  size  20/40 
sand.  This  same  comparison  of  pressure  ratios  for  the  two  grain  sizes  of 
Figure  13  shows  a  slightly  higher  result  even  though  the  pressure  ratios  on 
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the  average  are  only  two-thirds  that  of  the  transmitted  ratios.  Remembering 
that  the  radius  of  the  transmitter  bar  is  approximately  16  times  greater  than 
the  radius  of  the  face  of  the  pressure  gauge,  it  is  interesting  that  the 
differences  in  measured  values  with  grain  size,  for  the  two  devices,  are  not 
much  larger.  For  both  measuring  devices  the  differences  between  measured 
values  shows  a  decrease  with  decreasing  specimen  length.  However,  the 
differences  between  all  measurements  of  the  same  kind  are  less  at  the  longer 
specimen  length.  Also  the  measurements  at  the  longer  length  specimens  show 
less  scatter  than  measurements  of  the  shorter  length  specimens. 

5.  Pressure  Measurements  Versus  Transmitted  Stresses 

The  use  of  the  pressure  gauge  at  the  end  of  the  soil  specimen,  as 
shown  in  Figure  6,  proved  to  be  satisfactory.  However,  differences  between 
measured  values  exist  between  the  pressure  gauge  and  transmitted  bar  strain 
gauges.  The  transmitted  stress  ratios,  as  shown  in  Figure  12,  were  always 
higher  than  the  pressure  ratios  of  Figure  13.  These  differences  seem  to  the 
independent  of  the  incident  or  applied  stresses.  When  comparing  pressure  and 
transmitted  stress,  the  larger  differences  occur  for  the  smaller  grain  50/80 
sand.  This  means  one  gets  a  larger  transmitted  stress-to-pressure  ratio  for 
the  smaller-grain  sand  than  for  the  large-grain  sand.  This  appears  to  be 
reverse  of  what  is  expected.  One  would  think  that  as  grain  size  goes  down, 
the  measured  pressure  and  transmitted  stress  would  approach  each  other. 
However,  the  ratio  of  pressure  to  transmitted  stress  does  appear  to  remain 
constant  with  specimen  length.  The  same  type  pressure  tranducer  used  in  the 
SHPB  tests  was  also  used  in  Reference  1,  where  measured  pressures  in  soil  were 
lower  than  those  reported  in  other  places  in  the  literature. 

6.  Effect  of  Axial  Compressive  Preload 

As  discussed  in  a  previous  section,  an  axial  preload  was  applied  to 
the  SHPB  system  by  placing  a  hydraulic  jack  in  series  with  the  throw-off  bar 
and  the  SHPB  stop.  Calibration  of  the  transmitted  bar  gauges  to  measure  the 
preload  gave  a  direct  reading  of  the  applied  pressure.  The  effect  of  the 
preload  on  the  wave  speed  and  the  transmitted  stress  is  shown  in  Figure  15. 

As  evident  in  Figure  15,  the  wave  speed  shews  a  rather  large  increase  with 
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increases  In  preload  or  confining  pressure.  However,  very  little  increase  in 
the  transmitted  stress  with  increase  in  preload  is  evident.  These  two 
observations  agree  with  results  of  References  14  and  15.  Results  of  Reference 
14  show  that  dissipation  in  dry  granular  materials  does  not  always  decrease 
with  increasing  confining  pressure  but  appears  to  be  morr  dependent  on 
magnitude  of  applied  stress  or  vibration  magnitude,  riowever,  the  results  of 
Reference  15  show  that,  for  dry  granular  materials,  an  increase  in  wave  speed 
is  almost  always  evident  with  increases  in  confining  pressure.  In  Figure  15, 
the  specimen  length  is  constant  at  4  inches  whi^h  means  the  transmitted  ratio 
does  not  reflect  any  changes  in  specimen  length.  If  the  preload  tests  were 
run  for  a  2  inch  long  specimen,  then  the  magnitude  of  the  transmitted  ratio 
should  be  higher  but  still  reasonably  constant  with  preload  p~essure. 

Static  preload  or  compaction  does  not  have  the  same  effect  on  soil 
properties  as  dynamic  compaction  with  changes  in  moisture  content.  It  is  not 
clear  as  to  whether  this  phenomenon  is  evident  in  dry  compaction  or  not.  If 
so,  this  means  that,  in  the  dry  specimen  tests*  the  dynamic  compaction  brings 
the  specimen  up  to  some  stiffness  or  dissipation  level  and  any  Increase  due  to 
static  compaction  has  little  effect.  However,  extremely  large  confining 
pressures  should  have  a  definite  influence  on  the  transmission  properties  of 
the  dry  specimen. 

7.  Tests  on  Glass  Beads  and  Steel  Balls 

Results  of  tests  on  3.0  mm  glass  beads  are  given  in  Tables  3  and 
4.  These  tests  were  conducted  only  in  the  small-diameter  3HPB.  The  average 
transmission  ratios  closely  approximate  the  values  of  the  20/40  sand  although 
the  glass  beads  are  about  five  times  larger  in  diameter  than  the  20/40  grains. 

Steel  BB  size  balls  (0.177  inch  diameter)  were  tested  In  the  2-inch 
diameter  SHPB.  Three  tests  were  conducted  with  a  preload  of  100  psi  on  the 
SHPB.  Transmission  ratios  of  0.034,  0.042,  and  0.060  were  obtained  for  an 
average  of  0.045.  This  value  is  low  by  a  factor  of  5  if  the  measured  wave 
speed  and  density  are  used  in  Equation  (7)  to  calculate  this  value. 
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These  tests  were  performed  to  determine  a  range  cf  transmission 
ratio  for  various  materials  and  no  further  comments  shall  be  made  on  the 
applicability  of  the  data. 

B.  STATIC  SOIL  TESTS 

Static  tests  at  strain  rates  of  approximately  2.0  x  10-4/sec  were 
conducted  on  4  inch  long  dry  and  moist  50/8C  sand  specimens.  Two-and  four- 
layer  compaction  tests  were  conducted  and  it  was  found  that  the  four- layer 
compaction  showed  less  scatter  in  the  data. 

The  stress-strain  curves  for  various  moisture  contents  are  shown  in 
Figure  17  for  four  layer  compaction  specimen.  The  effects  of  a  small  amount 
of  moisture  are  to  Increase  the  slope  of  the  stress-strain  curves,  but 
continued  increases  in  moisture  content  did  not  cause  a  continued  Increase  in 
the  slope  of  the  stress-strain  curves.  This  appears  to  be  a  result  of  an 
optimum  moisture  content,  as  discussed  in  Section  l\IA. 2.  As  in  the  case  of 
the  SHPB  tests,  the  dry  density  of  the  static  test  specimen  was  held  constant 
for  all  tests. 

The  static  tests  were  conducted  on  a  constant  cross*head  rate  machine 
and  displacement  was  calculated  using  a  known  time.  This  meant  the  unloading 
curve  was  not  available,  but  observations  of  the  load  fall  off,  as  the  cross 
head  speed  was  released,  Indicated  an  almost  vertical  slope. 
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SECTION  V 


CRITICAL  INCIDENCE  ANGLE  STUDY 


A.  INTRODUCTION 

As  discussed  in  Appendix  B,  stress  waves  impinging  on  the  interface 
between  two  media  at  incidence  angles  equal  to  or  greater  than  the  critical 
angle  exhibit  a  characteristic  much  different  than  those  which  impinge  at 
incident  angler,  less  than  the  critical  incidence  angle.  Critical  incident 
angles  exist  only  when  the  incident  stress  wave  is  traveling  in  a  medium  which 
has  a  wave  speed  less  than  the  corresponding  wave  speed  in  the  refracted  or 
transmitted  medium.  Therefore,  the  discussion  of  this  section  will  be  limited 
to  longitudinal  waves  moving  from  a  medium  of  lesser  wavs  speed  to  that  of  a 
medium  of  greater  wave  speed.  In  this  case,  longitudinal  waves  are  defined  as 
waves  having  particle  motions  in  the  same  direction  as  that  of  the  wave  front. 

It  can  be  shown  analytically  that  at  the  critical  angles,  and  greater,  a 
wave  Is  no  longer  refracted  or  transmitted  in  the  normal  manner  but  a 
refracted  wave  is  established  that  travels  along  the  interface  of  the  two 
muterials.  The  wave  magnitude  (displacement  or  stress)  is  shown  to  decay 
exponentially  with  distance  from  the  interface,  but  it  is  not  clear  as  to  what 
magnitudes  exist.  These  interface  waves  are  discussed  in  some  detail  In 
Reference  17,  and,  for  certain  stiffness  ratios  and  density  ratios,  these 
interface  waves  are  propagated  at  wave  speeds  between  the  Rayleigh  and 
transverse  speed  of  the  medium  of  greater  density.  These  special  waves  are 
called  Stonely  waves  (Reference  17)  and  their  existence  is  limited  to  a  very 
narrow  range  of  material  property  ratios. 

In  other  cases,  where  Stonely  waves  do  not  exist,  the  transmitted  or 
refracted  waves  travel  along  the  interface  at  the  longitudinal  and  transverse 
speeds  of  the  greater  density  material.  The  existence  and  use  of  the 
Interface  waves  traveling  at  the  higher  longitudinal  wave  speeds  are  discussed 
in  detail  in  Reference  7,  relative  to  geologic  refraction  stuJies  In  earth 
layering.  A  case  of  this  phenomenon  for  an  interface  between  two  solids  is 
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given  in  Reference  17  for  an  incident  medium  of  Plexiglas®  bonded  to  a 
refractive  medium  of  brass.  The  expe-'iment  for  the  Plexiglas^/brass  interface 
shows  the  same  general  results  as  described  for  geologic  refraction.  However, 
no  results  were  reported  for  stresses  or  strains  in  or  near  tie  interface. 

B.  SIMPLIFIED  ANALYSES 

Some  interest^  results  occur  in  the  solutions  ot  the  reflected  and 
transmitted  ratios  of  Equations  (B-6)  and  (B-8).  In  these  analyses  one  must 
remember  that  these  equations  are  based  on  elastic  material  response  and  that 
displacement  continuity  and  stress  equilibria  must  exist  at  the  interface. 
Several  wave  speeds  and  densities  were  used  in  Equation  (B-6)  to  show  the 
effects  of  changes  of  wave  speed  and  density  for  increasing  incident  angles. 
The  various  cases  are  shown  in  Table  6. 


TABLE 

6.  MATERIAL  PROPERTIES 

FOR  SIMPLIFIED 

ANALYSES 

Case  No. 

Wave  Speeds 

,  km/sec 

kq/m3 

*1 

c2 

C’l 

C*  2 

0 

o' 

1 

5.0 

3.0 

5.0 

3.0 

1200 

2400 

2 

5.0 

3.0 

5.0 

3.0 

2400 

1200 

3 

5.0 

3.0 

2.5 

1.5 

2400 

2400 

.1 

2.5 

1.5 

5.0 

3.0 

2400 

2400 

5 

0.68 

0.43 

3.4 

2.1 

1800 

2400 

For  case  l,  the  wave  speeds  of  the  two  materials  making  up  the  interface 
are  the  same,  and  a  density  ratio  d/o'  -  0.5  .  The  results  of  these 
calculations  are  shown  in  Figure  21  where  the  ratio  of  the  longitudinal 
transmitted  wave  to  the  longitudinal  Incident  wave,  dE/c A  ,  is  almost  constant 
over  the  range  of  the  incident  angle  q  .  For  this  same  case,  the  reflected 

longitudinal  stress  ratio  aC/°A  is  linearly  decreasing  with  a  and  becomes 

o 

negative  at  about  a  -  60  .  For  Case  2,  the  wave  speeds  are  still  constant, 

but  the  density  ratio  is  increased  and  o/o'  =  2  .  Again  the  transmitted 
stress  ratio  shown  in  Figure  22  is  almost  constant  with  u  ,  but  is 
approximately  one-half  that  of  Case  1.  The  reflected  longitudinal  stress 
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ratio  for  this  case  is  almost  reverse  that  of  Case  3,  where  it  begins  as 

0 

negative  and  becomes  positive  at  a  =  60  .  Since  the  wave  speeds  of  the 

incident  medium  are  equal  to  or  greater  than  the  wave  speeds  in  the 
transmitted  medium,  there  are  no  critical  incidence  angles  for  Cases  1,  2  and 
3.  for  Case  3,  the  density  ratio  o/o'  =  1.0  and  the  wave  speeds  in  the 
incident  medium  are  twice  that  of  the  wave  speeds  in  the  transmitted  medium. 
The  results  for  Case  3  are  shown  in  Figure  23.  If  the  wave  speeds  of  Case  3 
are  reversed  to  give  Case  4,  then  two  critical  incident  angles  exist 

;  o 

a,.  -28  when  *i  =  90  and 
c:  -i  o 

c*  .  -  'jb  when  c  -  90 . 
ct 

For  the  calculations  involving  critical  incidence  angles  in  Equation  (8-6)  the 
stress  ratios  are  determined  for  incident  angles  a  up  to  the  critical  angle 
a  ,  at  which  time  -i  is  set  to  90°  and  the  calculations  are  continued  until 
a  .  occurs,  at  which  tin*  ;  is  set  to  90°  and  calculations  are  continued  to 

CC  2 

o  -  90  .  The  results  of  Case  4  are  shown  in  Figure  24  where  discontinuities 

0  0 

are  shown  at  a  =  28  and  a  -  56  .  The  interesting  results  of  Figure  24  are 

the  high  transmitted  ratios  obtained  at  angles  slightly  above  afii  and  then  a 
rather  steep  drop  in  the  transmitted  ratio  down  below  zero  (negative)  to  the 
next  critical  angle  a^t  .  This  means  that  a  possible  sign  change  in  the 
transmitted  stress  magnitude  occurs  at  angles  above  the  angle. 

The  ratio  of  the  refracted  characteristic  impedance  to  the  incident 
characteristic  impedence  of  Case  5  is  approximately  6.67  as  compared  to  2.0  of 
Case  4.  However,  in  Case  5  the  wave  speed  ratio  is  only  5.0,  ard  this  ratio 
controls  the  reflected  and  refracted  angles  through  Snell's  law.  The  results 
of  Case  5  are  shown  in  Figure  25.  These  critical  incident  angles  appear  to 
cause  very  little  differences  in  the  reflected  ratios,  l>ut  cause  significant 
differences  in  the  transmitted  ratios. 

Photoelastic  studies  of  wave  propagation  are  described  in  Reference  18, 
and  additional  studies  of  Reference  19  extended  this  work  to  include 
photoelastic  analysis  of  wave  propagation  at  interfaces  of  layered  media.  In 
Reference  19,  photoelastic  birefrigent  materials  were  developed  with 
longitudinal  wave  speeds  in  the  ratio  of  approximately  2. 0/1.0.  Several 
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experiments  were  conducted  where  a  small  charge  was  detonated  In  both  the  low 
wave  speed  material  and  in  the  higher  wave  speed  material.  Since  the 
densities  for  both  materials  were  the  same,  the  ratio  of  wave  speeds  is  equal 
to  the  ratio  of  characteristic  impedances.  If  a  pulse  is  propagating  in  the 
lesser  wave  speed  material,  regular  ref  lection/refraction  is  in  effect  up  to 
the  first  critical  incidence  angle  a  ^  .  This  phenomenon  is  shown 
schematically  in  Figure  26a.  After  this  critical  angle  is  exceeded,  a 
refracted  wave,  denoted  in  Figure  26b,  runs  out  beyond  the  intersection 
of  the  incident  pulse  and  the  interface.  This  wave  is  a  dilatation  wave  with 
two  head  waves,  P^Pj  a  dilational  wave  and  P^Sj  a  distortional  wave, 
trailing  behind  in  the  incident  medium.  In  addition,  a  distortional  head  wave 
^lp2“2  trai1s  behind  P^  in  the  refracted  medium.  These  waves  are  shown 
schematically  in  Figure  26  and  were  observed  experimentally  in  Reference  19. 

A  detailed  discussion  of  these  wave  phenomena  is  found  in  References  17  and 
19. 


For  one  test  of  Reference  19  with  the  charge  in  the  lesser  wave  speed 

medium  an  analysis  was  made  for  stresses  along  the  interface  in  the  greater 

wave  speed  medium.  These  stress  levels  as  a  function  of  time  are  shown  in 

Figures  27  and  28,  Some  interesting  results  are  worth  pointing  out.  The 

stress  o  is  compression  within  a  small  distance  about  twice  the  standoff 

yy 

(60°)  beyond  which  changes  sign  and  is  a  tensile  stress  at  the  leading 
front  of  the  wave.  The  a_  .  stress  does  not  become  compressive  or  have  any 
significant  stress  value  until  about  1.5  times  the  standoff  and  stays 
compressive  at  the  wave  front  beyond  this  value.  Also of  Figure  27  shows 
an  increase  in  compressive  stress,  at  the  second  Lime  t^,  over  the  stress  at 
time  tj. 


In  comparison,  the  refracted  or  transmitted  stress  of  Figure  25  are  a 

f 

result  of  a  wave  speed  ratio  c1/c1  of  2.0  similar  to  the  results  of  Figures  25 
and  26.  This  means  the  first  critical  incidence  angle  uf  Figure  25  is  the 
same  as  for  the  data  of  Figures  27  and  28.  For  data  of  Figure  25,  an  increase 
in  the  refracted  magnitude  appears  just  beyond  the  first  critical  incidence 
and  then  falls  and  changes  sign  at  approximately  50*  (compression  is  positive 
in  Figure  25  and  negative  in  Figures  27  and  28).  This  same  trend  is  evident 
in  stresses  of  Figures  27  and  28.  The  analysis  of  Figure  24  is  a  plane  wave 
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dilatational  wave  P-, P2P1  reflected  p  headwave 

shear  wave  p p  s,  reflected  S  headwave 


Figure  26.  Sketch  of  Positions  of Cyl indrical  Reflected  and 

Refracted  Haves  as  a  Result  of  an  Incident  Cylindrical 
Oilatational  Have.  (References  17  and  19). 


x  distance,  inch 


Figure  28.  axx»  Stress  Parallel  to  Media  Interface  Versus 

Distance  Along  the  Interface  Between  Two  Media 
Cylindrical  Source  in  Lesser  V/ave  Speed  Medium 
(Results  of  Reference  19). 


solution,  while  the  results  of  Figures  27  and  28  are  from  an  experiment  using 
a  cylindrical  wave  front.  It  is  evident  that  qualitative  results  are  similar. 


SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

The  overall  conclusion  is  that  stress-strain  curves,  basic  wave  speed 
data,  and  material-damping  coefficients  along  with  effects  of  moisture 
content,  gas  content,  and  confining  pressure  may  be  obtained  at  intermediate 
strain  rates  in  a  spl it-Hopkinson  pressure  bar. 

Based  on  the  limited  data  obtained  in  this  study  the  following  general 
conclusions  concerning  spl it-Hopkinson  bar  tests  are  given: 

1.  For  pressure  waves  with  peak  pressures  oetween  300  and  1500  psi,  the 
wave  speeds  of  sandy  soil  are  linear  functions  of  confining  pressure 
in  the  ranqe  of  0  to  300  psi. 

2.  For  pressure  waves  with  peak  pressures  between  300  and  1500  psi  only 
slight  decreases  in  damping  coefficients  of  sandy  soil  are  evident 
for  confining  pressure  in  the  range  of  0  to  300  psi. 

3.  For  a  given  dry  specimen  density  of  sandy  soil,  increases  in 
moisture  content  cause  a  significant  decrease  in  damping 
coefficients  and  a  slight  increase  in  wave  speed  up  to  an  optimum 
moisture  content.  Beyond  the  optimum  moisture  content,  a  decrease 
in  wave  speed  and  an  increase  in  damping  is  experienced.  If 
appreciable  gas  content  is  present,  the  wave  speed  stays  depressed 
and  material  damping  remains  relatively  high. 

4.  Specimen  quality  control  is  extremely  important  in  both  static  and 
dynamic  laboratory  soil  tests. 

5.  Scatter  in  che  data  of  soils  tests  is  to  be  expected  for  both 
laboratory  tests  and  field  tests. 


6. 
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6.  The  effects  of  the  "total  reflection"  phenomenon  on  the 

ref  lection/refraction  of  stress  waves  at  interfaces  are  still 
unknown. 

RECOMMENDATIONS 

1.  For  future  tests  a  specimen  chamber  similar  to  a  static  triaxial 
test  cell  should  be  installed  in  the  split-Hopkinson  pressure  bar. 
This  would  allow  for  controlled  degassing,  addition  of  moisture,  end 
confining  pressure. 

2.  Improve  current  strain  gauge  installation  to  allow  for  high  input  or 
incident  stresses. 

3.  Consider  different  bar  material  to  eliminate  the  large  mismatch  in 
impedance  between  the  bar  and  the  soil.  This  would  improve  the 
reflection  and  transmission  coefficients  between  the  bar  and  the 
soi  1 . 

4.  Develop  a  better  understanding  of  the  wave  propagation  relative  to 
"total  reflection"  phenomenon  as  well  as  explore  applications  to 
survivabi 1 i ty/vulnerabi 1 ity  problems. 
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APPENDIX  A 


SPLIT-HOPKINSON  PRESSURE  BAR 


A.  GENERAL  DESCRIPTION 

The  compressive  spl it-Hopkinson  pressure  bar  uses  the  impact  of  one  bar 
on  another  to  generate  a  pressure  wave  and  then  uses  this  pressure  wave  to 
load  a  specimen  sandwiched  between  two  identical  bars.  A  compressive  spl it- 
Hopkinson  pressure  bar  schematic  is  shown  in  Figure  1.  Referring  to  Figure  1, 
the  operation  for  a  ductile  metal  specimen  is  as  follows: 

1.  A  striker  bar  is  put  in  motion  by  a  launcher  and  it  impacts  the 
incident  bar  with  a  velocity  V. 

2.  The  impact  produces  an  almost  rectangular  stress  pulse  of  magnitude 

ocV/2  in  the  striker  bar  and  the  incident  bar.  The  pulse  length  in 
time  is  ts  =  2ls/c;  o  is  the  striker  bar  length  and  c  is  wave 
speed . 

3.  The  compressive  stress  pulse  propagates  away  from  the  impacted  ends 
of  each  bar  at  a  speed  of  c.  When  the  stress  wave  reaches  the  free 
end  of  the  striker  bar,  it  is  completely  reflected  as  a  tensile  wave 
and  it  travels  back  toward  the  impacted  end.  This  tensile  wave 
unloads  the  ends  of  the  striker  bar  and  the  incident  bar  and  the 
bars  separate.  The  compressive  stress  returns  to  zero  as  the  bars 
separate. 

4.  The  compressive  pulse  travels  down  the  incident  bar  and  impinges  on 
the  sample  sandwiched  between  the  incident  bar  and  the  transmitter 
bar.  Depending  on  the  physical  properties  of  the  sample,  portions 
of  the  stress  pulse  are  reflected  back  into  the  incident  bar  and 
portions  are  transmitted  into  the  transmitter  bar.  The  reflected 
and  transmitted  portions  of  the  stress  pulse  are  proportional, 
respectively,  to  the  strain  and  stress  in  the  specimen. 
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5.  Strain  gages,  located  equidistant  from  tne  specimen,  provide  time 
coincident  pulses,  which  are  used  to  measure  the  magnitude  and 
duration  of  the  incident,  reflected  and  transmitted  pulses.  It  can 
be  shown  {Reference  20-21)  that  the  integral  of  the  reflected  pulse 
is  proportional  to  the  strain  in  the  specimen  and  when  displayed 
along  with  the  transmitted  pulse  (proportional  to  stress  in  the 
specimen)  a  dynamic  stress-strain  curve  can  be  determined. 

Further  details  on  principles  of  operation  and  description  of  the  compression 
Hopkinson  bar  may  be  found  in  several  publications  such  as  References  20  and 
21. 


8.  EXPERIMENTAL  CONSIDERATIONS  FOR  SOIL  TESTS 

It  was  proposed  that  controlled  granular  media  and  soil  samples,  encased 
in  a  hollow  cylindrical  sleeve  that  fits  over  each  end  of  the  incident  and 
transmitter  bar  (see  Figure  6),  be  placed  in  the  specimen  position  of 
Figure  1.  Also,  a  pressure  transducer  may  be  placed  in  the  end  of  the 
transmitter  bar  next  to  the  sample.  Theoretically,  one  would  know  the  details 
of  the  incident  pressure  pulse,  based  on  measurements  at  the  strain  gage  of 
the  incident  bar,  as  well  as  the  details  of  the  transmitted  pulse  from  a 
strain  gage  placed  on  the  transmitter  bar.  In  addition,  the  pressure 
measurement  from  the  transducer  at  the  end  of  the  soil  specimen  would  be 
available  for  comparison.  It  is  hoped  that  the  presence  of  the  pressure 
transducer  will  not  alter  the  shape  of  the  transmitted  pulse.  The  bars  with 
the  transducer  installed  can  be  calibrated  by  simply  wringing  or  pressing  the 
bars  together  without  a  specimen.  Usually  small  discontinuities  in  the  bar  do 
not  cause  problems  in  stress  wave  transmission.  In  fact,  a  tensile  Hopkinson 
bar  passes  a  compression  pulse  over  the  tensile  specimen  by  use  of  a 
cylindrical  tub1  before  the  pulse  is  reflected  from  the  far  end  of  the  bar  and 
impinges  on  the  specimen  as  a  tensile  pulse. 

Using  a  constant  impact  bar  velocity  and  resulting  constant  incident  bar 
stress,  specimen  properties  may  be  varied  and  their  effects  on  the  transmitted 
pressure  magnitude  and  time  duration  may  be  evaluated.  Tests  can  be  run  with 
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and  without  the  transduce’’  in  place  to  determine  the  effects  of  the  specimen 
properties  on  measurements  made  by  the  transducer. 

Using  this  type  of  test  device,  the  properties  of  the  soil  can  be  varied 
systematically  to  various  stress  levels  by  simply  changing  the  striker  bar 
velocity.  Pulse  duration  can  also  be  varied  by  changing  the  striker  bar 
length.  In  addition,  pulse  shapes  can  be  altered  by  introducing  different 
types  of  buffer  materials  at  the  impact  end  of  the  incident  bar.  Finally, 
temperature  control  may  be  varied  by  installing  a  furnace,  as  was  done  in 
Reference  21,  or  placing  a  cooling  device  around  the  specimen.  Corrections  to 
the  recorded  strain  readings  must  then  be  applied  as  given  for  example  in 
Reference  21. 

Questions  conceding  how  much  of  the  pressure  pulse  is  transmitted  to 
the  soil  sample  and  in  turn  how  much  of  the  stress  pulse  in  the  soil  sample  is 
transmitted  to  the  transmitter  bar  may  be  approximated  using  one-dimonsional 
elastic  stress  wave  propagation.  In  the  Hopkinson  bar  operation  as  described, 
the  stress  pulse  transmission  time  across  the  specimen  is  so  small  when 
compared  to  the  incident  pulse  length,  that  many  reflections  occur  in  the 
specimen  while  the  incident  pulse  is  traversing  the  specimen.  Specimens  whose 
acoustic  impedance  pc  were  small  in  comparison  to  the  acoustic  impedance  of 
the  incident  bar  could  not  be  tested  to  failure  if  it  were  not  for  the 
multiple  reflections  occurring.  Returning  to  one-dimensional  elastic  wave 
propagation,  when  a  wave  is  traveling  in  a  medium  of  acoustic 
impedence  and  encounters  an  interface  of  another  material  of 
impedence  p2c2  ,  the  stress  magnitude  of  the  transmitted  pulse  and 
reflected  pulse  aR  can  be  written  in  terms  of  the  incident  pulse  o  .  Using 
Figure  A-l  and  Reference  22  the  following  expressions  may  be  found. 

( oc ) 2  -  (pc)1 
~  (oc)1  +  (oc)? 


3t  2(dc)2 
Pj  (oc)1  +  (pc)2 


(A-l) 


(A-2) 


72 


If  the  two  elastic  materials  go  to  infinity  in  both  directions,  a  simple 
reflection  and  transmission  take  place,  and  this  phenomenon  may  be  treated  as 
a  simple  stress  wave  propagation  problem  with  the  resulting  reflected  and 
transmitted  wave  forms  almost  completely  independent  of  the  incident  length. 

For  the  usual  operation  of  the  Hopkinson  bar  where  dynamic  properties  of 
the  specimen  material  are  being  sought,  the  incident  pulse  is  many  times 
longer  than  the  specimen,  and  many  reflections  and  transmissions  will  take 
place  in  the  sample  before  the  end  of  the  incident  pulse  reaches  the  sample. 
This  gives  an  almost  equilibrium  condition  in  the  specimen  before  all  portions 
of  the  incident  pulse  are  completely  transmitted  or  reflected.  This  means  the 
sample  would  be  loaded  rather  uniformly  even  though  Equation  (A-2)  may  show 
very  small  transmitted  stresses  if  the  acoustic  impedance  of  the  sample 
material  is  less  than  that  of  the  incident  bar  material. 

Tests  using  soil  samples  which  are  short  comoared  to  the  length  of  the 
incident  pulse  may  not  give  any  indication  of  the  transmissibility  of  the 
soil,  but  may,  however,  give  an  indication  of  the  maximum  load  carrying 
capability  of  the  soil  type. 

Test  conditions  where  the  incident  pulse  length  is  much  shorter  than  the 
soil  sample  are  a  case  of  true  wave  propagation,  and  Equations  (A-l)  and  (A-2) 
become  important.  Most  Hopkinson  bars  are  made  of  somo  type  of  steel  which 
have  approximate  densities  and  elastic  wave  speeds  of  7.84  g/cc  and  5.08  X  IQ5 
cm/sec,  respectively.  If  one  were  trying  to  load  a  sample  of  dry  top  soil 
which  has  an  approximate  density  of  1.39  g/cc  at  an  elastic  wave  speed  of 
approximately  0.23  X  10  cm/sec,  the  transmitted  pulse  in  the  soil  would  be 
rather  small  for  a  steel  incident  bar.  Typical  ratios  of  o./o.  for  a  steel 

h  1 

incident  bar  and  a  sandy  soil  sample  are  shown  in  Table  A-l.  Other  incident 
bar  materials  having  lower  acoustic  impedences  than  that  of  steel,  such  as 
titanium,  aluminum,  and  glass/epoxy,  might  also  be  considered.  The  properties 
and  stress  ratios  for  these  materials  are  shown  in  Table  A-l  for  three  types 
of  soil.  Since  the  stress  ratios  are  for  a  stress  wave  moving  from  the 
incident  bar  into  the  soil  sample,  j  would  represent  the  transmitted  pulse  in 
the  sample  and  ou  would  be  the  pulse  reflected  back  into  the  incident  bar. 

n 
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Glass/Epoxy  Sandy 
Glass/Epoxy  Clayey 
Glass/Epcxy  Clay 


Based  on  Table  A-l,  the  most  promising  incident  bar  materials  appear  to 
be  aluminum  and  glass  epoxy.  The  final  selection  would  be  based  upon  careful 
testing  and  screening  of  the  candidate  materials.  Other  types  of  materials, 
such  as  epoxy-impregnated  wood,  could  also  be  used.  As  noted,  the 
transmission  ratios  for  soils  are  low,  which  may  require  high  incident  bar 
stress  levels.  However,  the  generated  stress  ocV/2  should  not  exceed  the 
yield  stress  of  the  material.  Returning  to  the  candidate  materials,  extruded 
7075  aluminum  alloy  has  a  yield  st-ength  of  approximately  65,000  psi  (0.45 
GPa) ,  Reference  23,  while  glass/epoxy  composites  are  reported,  as  in  Reference 
24,  to  remain  elastic  up  to  essentially  150,000  psi  (1.03  GPa).  Thus,  using 
the  a-y/Oj  ratios  of  Table  A-l,  there  appears  to  be  some  question  as  to  whether 
dry  sandy  soil  could  be  loaded  using  some  of  the  bar  materials  listed. 

However,  a  100,000  psi  pulse  in  a  glass/epoxy  incident  bar  could  theoretically 
produce  a  7,000  psi  stress  pulse  in  a  sandy  soil  sample  which  would  prove 
adequate  for  test  purposes. 

Looking  at  the  pulse  length  requirement  for  a  sandy  soil  sample,  the 
travel  time  per  centimeter  is  1/c  or  about  44  usee  ,  using  Table  1.  In 
comparison,  the  travel  time  per  centimeter  for  glass/epoxy  is  approximately 
2.3  usee  .  Based  on  these  numbers,  a  5  cm  striker  bar  of  glass  epoxy  would 
give  a  pulse  length  of  23  nsec  and  a  10  cm  long  soil  sample  would  require 
440  usee  for  one  pulse  passage  across  the  sample.  These  numbers  would  thus 
qualify  as  a  meaningful  wave  propagation  experiment. 


Investigators  of  Reference  25  have  resolved  the  problem  of  transmitting 
the  pulse  from  the  incident  bar  to  the  specimen  by  using  a  cylindrical 
incident  bar  filled  with  fluid,  closed  on  one  end  by  a  piston,  with  a 
diaphragm  separating  the  fluid  from  the  specimen.  However,  the  peak 
transmitted  stress  with  this  apparatus  is  limited  to  approximately  5000  psi 
(35  MPa).  Variations  of  this  method  may  prove  to  be  a  useful  alternative 
scheme  if  solid  incident  bars  prove  to  be  totally  unsatisfactory . 
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APPENDIX  B 


REFLECTION  ANO  TRANSMISSION  OF  OBLIQUE  INCIDENT  ELASTIC 
STRESS  WAVES  AT  AN  INTERFACE  BETWEEN  TWO  SOLIDS 

A.  INTRODUCTION 

In  general,  when  an  incident  longitudinal  stress  wave  impinges  on  an 
interface  between  two  elastic  solids,  both  longitudinal  and  transverse  waves 
are  reflected  and  transmitted.  This  section  is  restricted  to  the  discussion 
of  the  reflected  and  transmitted  planar  longitudinal  waves.  A  general 
schematic  of  a  longitudinal  incident  wave/interface  interaction  is  given  in 
Figure  8-1.  The  following  nomenclature  is  associated  with  the  longitudinal 
incident  planar  wave  of  Figure  B-l. 

B.  NOMENCLATURE 

A,  Incident  Longitudinal  Displacement  and  Stress  at  Angle  a 

C,  oc  Reflected  Longitudinal  Displacement  and  Stress  at  Angle  a 

D,  dd  Reflected  Transverse  Displacement  and  Stress  at  Angle  a 

E,  d£  Transmitted  Longitudina1  Displacement  and  Stress  at  Angle  n 

F,  Dp  Transmitted  Transverse  Displacement  and  Stress  at  Angle  c 

C^C^.p  Incident  Longitudinal,  Transverse  Wave  Speeds  and  Density 

»  i  • 

C^Cj.p  Transmitted  Longitudinal,  Transverse  Wave  Speeds  and  Density 


> *  / 


c. 


BOUNDARY  EFFECTS  ON  ELASTIC  WAVE  PROPAGATION 


Equations  relating  the  displacements  A,  C,  D,  E,  F  of  Figure  B-l  may  be 
written  using  the  Interface  boundary  conditions  of  Equation  (B-l),  equal 
normal  displacements  across  the  interface.  Equation  (B-2),  equal  tangential 
displacements  across  the  interface.  Equation  (B-3),  equal  normal  stresses 
across  the  interface,  and  Equation  (B-4),  equal  tangential  stresses  across  the 
interface.  These  general  interface  boundary  conditions  for  motion  in  the  xy 
plane  are  given  in  Reference  11  as 


I’U  -  Eu 


EV  I  £  V 


£a  =  la 
XX  XX 


(8-1) 

(B-2) 

(B-3) 


where 


u,  v  =  x,  y  displacements 

=  Lame's  constants 

°xx’  °xy  =  ^onT,al*  Tangential  Stresses 


(B-4) 
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u  s*arw*>  *  J*  t*»  »■  a 


and  the  unprised  and  prim  tents  are  associated  with  the  left  and  right, 
respectively,  of  the  Interface  of  Figure  B-l.  The  general  displacement  for  a 
simple  harmonic  wave  Is  given  as 


♦lsinel 


3in(pt) 


£  (eosS^)x  ♦  £  (sinewy 


(8-5) 


where 


UL  *  A,C,D,£,F 

e.  =  a,a,c,n 

p  s  frequency 

c,  =  c1fc2,crc2 

The  equations  relating  A,C,0,EfF  are  given  In  Reference  22 
Acoaa  -  Cco3a  +  Osins  -  Ecosn  -  Fsinc  s  0 

Asina  ♦  C3ina  +  DcosB  -  Esinn  -  Fcosc  =  0 


Acos2B  -*•  Ccos28  -  D(C2/C  1 )  sin28  -  E(*j ' /o)(C* /C1 )  cos  2c  -  (8-6) 

F(#7p)  (C^/C,)  sin  2c  =  0 

Asin2o  -  Csin2o  -  CtC,/^)  cos2B  -  EU'/o)  (C^/C2)2  (C^CJ)  sln2n  ♦ 
F (p'/o)  (Cy C2)2  (CyCp  cos2c  =  0 
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In  addition,  Snell's  law  most  be  imposed  and 


(sin  a)/Cj  =  (sin  a)/C ^  =  (sin  n)/C1  s  (sin  ci/C^ 


(B-7) 


Equation  (B-5)  may  be  cast  in  matrix  form,  shown  in  detail  in  Reference 
22  and  solutions  produce  displacement  ratios  C/A,  D/A,  E/A  and  F/A,  assuming 
Equations  8-6  are  valid.  The  stress  ratios  are  related  to  the  displacement 
ratios  through  characteristic  impedence  ratios.  It  may  be  shown  that 


cAd 


(B-8) 


o'  1  IE 


o’C'2\f 


The  above  relationships  are  easily  checked  by  using  an  example  of  normal 
incidence  i .e. ,  a  =  b  =  n  =  t  =  0  in  Equation  (B-6).  The  normal  incidence  of 
a  longitudinal  wave  results  only  in  reflected  and  transmitted  longitudinal 
waves.  The  resulting  nonzero  displacement  ratios  for  normal  incidence  of 
Equation  (8-6)  are 


c  °A  ■  °C1 

Reflected  Ratio  r  =  -7 - PTrr 

A  pC j  ♦  0  C^ 


E  2  1 

Transmitted  Ratio  t  =  -y. - ttt 

A  PC,  ♦  0  C1 


(B-9) 


Using  Eauations  (B-8)  and  (B-9),  the  stress  ratios  for  normal  incidence  are 


o q  e'Cj  -  oCj 

°A  '  pCl  +  A 


2  0 ' C 1 

a  .  "  pC  ,  +  0  '  C 


(8-10) 


Note  that  only  a  change  occurs  for  the  transmitted  ratio.  The  above  Equations 
(B-9)  and  (B- 10)  are  valid  only  for  normal  fricidence  and  Equation  B-6  is 
automatical ly  satisfied  for  a  =  0.  For  angles  other  than  a  -  0,  Equation 
(8-4)  must  also  hold,  and  for  the  case  of  wave  speeds  in  the  incident  or 
unprimed  medium  less  than  those  of  the  prime  or  transmitted  medium,  the  angles 
n  and  c  approach  r/2.  This  phenomenon  in  optics  is  referred  to  as  “total 
reflection*  and  theoretical ly  no  waves  are  transmitted  or  refracted  into  the 
primed  medium.  This  means  there  are  two  critical  incidence  angles 


a 


ci 


for  sin  n  =  1 


(8-11) 


and 


(B- 1?) 


for  sin  pit. 


For  a  planar  wave  with  an  incident  angle  of  Equation  (B-ll),  no  longitudinal 
wave  is  refracted  or  transmitted  and  for  Equation  (8-12),  no  transverse  wave 
is  refracted  or  transmitted.  In  most  materials  the  shear  or  transverse  wave 
speed  is  less  than  the  longitudinal  wave  speed  which  indicates  that,  for 
increasing  angles  of  a,  n  would  approach  s/2  prior  to  that  of  the  angle  <;  . 
Using  this  same  assumption,  then  b  would  always  be  less  than  a  . 

Experimental  evidence  indicates  that  total  reflection  does  exist  at  air/prism 
interfaces  in  optics,  thermal  layering  in  large  bodies  of  water,  and  layering 
of  soils  having  different  wave  speeds.  There  appears  to  be  very  little 
experimental  evidence  of  total  reflection  at  interfaces  of  two  solids  or  a 
rather  soft/hard  interface  such  as  a  soi 1/ccncrete  interface. 

The  phenomenon  of  total  reflection  still  holds  for  spherical  or 
cylindrical  waves;  however,  the  interaction  of  these  waves  with  the  interface 
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